Many deep underground excavation practices show that the size and distribution of in situ stress are the main factors resulting in the deformation and instability of the surrounding rock structure. The in situ stress measured by the Kaiser effect of rock is used by engineers because of its economy and convenience. However, due to the lack of quantitative judgment basis in determining the Kaiser point position, there is a large artificial error in the practical application. In response to the problem, this study systematically investigates the characteristics of rock acoustic emission curve on the basis of the fractal theory and establishes an accurate and simple interpretation method for determining the Kaiser point position. The indoor rock acoustic emission test was carried out by drilling a rock sample at a mine site. By using the conventional tangent method, the cumulative ringing count rate-time-stress curve of rock acoustic emission is analyzed to preliminarily determine the time range of Kaiser point appearance. Considering that the fractal dimension of the rock Kaiser point is lower than the adjacent point, the minimum point of the fractal dimension of this time range can be determined from the fractal dimension-time-stress curve. Such determined point is the Kaiser point. The size of the in situ stress is calculated using an analytical method. Based on the value of the in situ stress, the distribution of the in situ stress in the mining area is further analyzed using the geological structure of the mine. The maximum principal stress is 19.38 MPa, with a direction of N (30°-40°) E, and the minimum principal stress is 8.02 MPa with a direction of N (50°-60°) W. The maximum and minimum principal stresses are approximately in the horizontal plane. The intermediate principal stress is 11.73 MPa in vertically downward. These results are basically consistent with the distribution statistical law of the measured in situ stress fields in the world. The results presented in the study could provide a reference for the later mining, stability evaluation, and support of the surrounding rock.
Introduction
As the original undisturbed stress in the rock, in situ stress is one of the most important factors affecting the stability of underground excavation engineering and many researches have been done [1] [2] [3] . The study of in situ stress measurement in a deep mine by Kang et al. provided the basic parameters for the layout and support design of a deep roadway [4] . Komurlu et al. studied the effect of horizontal in-situ stress on the failure mechanism around underground openings excavated in isotropic, elastic rock zones [5] . Lin et al. studied the deformation, cracking and failure mechanism, and the overall stability of the deep buried tunnel with high in situ stress for designing optimal support system [6] . In situ stress is the fundamental force causing the deformation and destruction of mining, water conservancy and hydropower, civil engineering, and other underground rock excavation engineering. It is a necessary prerequisite to determine the mechanical properties of engineering rock mass, analyze the stability of surrounding rock, and realize the scientific design of rock excavation and decisionmaking [7] . With the continuous expansion of the scale and depth of mine excavation, in situ stress has become more prominent and the occurrence of many disaster phenomena is closely related to the in situ stress [8] [9] [10] . Therefore, it is necessary to determine the distribution of the in situ stress before the mining project. The rational layout of the roadway can not only improve the safety and avoid the occurrence of disaster but also reduce the cost of support and maintenance.
At present, there are many in situ stress measurement methods, which can be divided into two categories: direct measurement method and indirect measurement method [11, 12] . In the direct method, only the hydraulic fracturing method and the acoustic emission method do not require preexcavation of the chamber, which is relatively more convenient and quick. The hydraulic fracturing method is to estimate the stress field of the measuring point on the spot after drilling to the measuring point. This method is expensive due to the bulky hydraulic fracturing vehicle and expensive measuring instruments. The acoustic emission method only needs to obtain the rock core of the corresponding measuring point, and the Kaiser effect of the rock can be used to estimate the in situ stress. Due to a simple and convenient operation, low price, less on-site operation, and suitability for indoor large-scale batch testing, the acoustic emission method is more widely used in mines [13, 14] , oil fields [15, 16] , and tunnel traffic [17, 18] .
Although the interpretation of the Kaiser point is the key to the acoustic emission method for in situ stress measurement, there are still some deficiencies in the interpretation of the Kaiser point, which seriously hinders the wide application of the method. At present, the interpretation of the Kaiser point is based on the sudden increase of data on a parameter or on the slope of the curve. There is no standard for the quantitative evaluation of this kind of change, and it lacks a scientific basis. When the change is not clear, it is difficult to control the error of manual interpretation. Therefore, it is in need to propose a method to determine the location of the Kaiser point through quantitative evaluation criteria. In this paper, the indoor rock acoustic emission test was carried out by drilling a rock sample at a mine site. According to the accurate and convenient interpretation method of the Kaiser point, the test results are studied and analyzed. Finally, the size and distribution law of in situ stress in this mine are obtained. The result can provide basic data for the mining design, roadway support, and stability evaluation of the surrounding rock in the later stage of mining and provide the guarantee for the high efficiency and safe production of the mine.
Principle of Acoustic Emission Testing
Under the action of an external load, the stress concentration inside the material will form damage, which will lead to the release of energy stored in the material. The stress waves were released from the phenomenon of acoustic emission. In 1950, German Kaiser discovered that there was a lot of acoustic emission phenomenon once the applied load exceeded the historical maximum stress level of metallic materials. This phenomenon is called the Kaiser effect. The point of transition from a small amount of acoustic emission to a large amount of acoustic emission is called the Kaiser point, and the stress corresponding to this point is the maximum historical stress of the material. Later, many people proved by experiments that a rock also has such a significant Kaiser effect [19] [20] [21] . Therefore, as long as the directional rock core is taken back from the original rock for an indoor test, the original rock stress can be obtained by using the Kaiser effect.
Interpretation of Kaiser Point
3.1. Shortcomings of Kaiser Point Interpretation Method. The interpretation of the Kaiser point is the key to the acoustic emission method for in situ stress measurement. Now, the interpretation of the Kaiser point is usually determined by the sharp change of one or more parameters of acoustic emission signals to determine the location of Kaiser points. There are two kinds of conventional interpretation methods. One is the direct interpretation of the relationship between a parameter and time by acoustic emission, as shown in Figure 1 . The basis of this method is whether there is a large amount of acoustic emission after a certain time point. However, there is no quantitative standard for the large quantity of acoustic emission and the interpretation has a certain subjectivity. It is difficult to grasp the accuracy in application.
Another method is to interpret the sharp change point of the change rate of the relation curve between the cumulative parameter and the time of acoustic emission. The method is easier to interpret for a curve with a significant inflection point, as shown in Figure 2 . When the inflection point of the accumulated parameter is ambiguous, the tangent is used to assist the interpretation and the intersection point of the tangent is determined as the Kaiser point, as shown in Figure 3 .
The above two methods for the interpretation of the Kaiser point are based on the sudden increase of data on a parameter or the sudden increase of the slope of the curve. There is no quantitative evaluation of this kind of change. When the change is not obvious, it is difficult to control the 2 Geofluids error of manual interpretation. Therefore, it is of great significance to propose a method to determine the location of the Kaiser point through quantitative evaluation criteria.
Comprehensive Analysis Method of Kaiser Point
Interpretation. At present, the determination of the Kaiser point is mainly based on the acoustic emission characteristic curve. By analyzing and comparing different characteristic parameter curves, the clear degree of the Kaiser point is as follows: acoustic emission cumulative energy-time curve > acoustic emission cumulative ringing count-time curve > acoustic emission cumulative event-time curve. However, when the Kaiser point is intuitively judged by the mapping method, the acoustic emission cumulative energy-time curve may have multiple mutation points. These interference points will have a greater impact on the accuracy of the interpretation results, while the acoustic emission cumulative ringing count-time curve is less affected by this. After comprehensive consideration, the cumulative ringing count rate-time-stress curve is used to estimate the Kaiser point. In addition, due to the unavoidable noise interference during the acoustic emission signal acquisition. In order to further reduce the impact of interference signals on the cumulative ringing rate-time curve, it is necessary to denoise the ringing count time sequence of acoustic emission before data analysis. After thorough research, the wavelet analysis method is used to extract the useful original signal from the acoustic emission signal containing various noises, which can improve the signal-noise ratio and restore more authentic acoustic emission signal data. At the same time, different types of wavelet functions are compared and analyzed according to the characteristics of rock acoustic emission signals. Finally, the noise reduction of rock acoustic emission time series is determined by using the Daubechie wavelet family. The noise reduction process is divided into the following three steps:
(1) Wavelet decomposition of the original signal: a signal model with noise can be expressed as
In the formula, S j is the original signal with noise, f j is the true signal of rock acoustic emission, and e j is the noise signal. The db3 wavelet base is selected by MATLAB software to decompose the acoustic emission original signal into 5 layers.
(2) Threshold quantization of wavelet coefficients with noise: the fixed threshold method is used to denoise, and the threshold Q is Q = sqrt 2 lg length y , where y represents the signal to be analyzed. Comparing the wavelet coefficients with noise and the threshold Q after the wavelet changes, the wavelet coefficients lower than Q become zero, and the wavelet coefficients larger than Q become the difference with Q.
(3) The wavelet coefficients which are quantized by threshold quantization are reconstructed to get the signal to remove the noise interference.
Many studies have found that the band energy of the rock Kaiser point is higher than the other nearby points, but the fractal dimension is lower than the adjacent points. According to the characteristics of the rock Kaiser point and the cumulative ringing count rate curve of acoustic emission which has less interference on the interpretation of the Kaiser point, the correlation dimension of the acoustic emission ringing count is used to analyze the fractal characteristics of the rock. Using the method proposed by Grassberger and Procaccia to calculate the correlation dimension of a sequence from time series [22] (hereinafter referred to as the G-P algorithm), the basic parameter sequence of acoustic emission is taken as the object of study and each sequence corresponds to a sequence set with a sample size of n:
Formula (2) can construct an m-dimensional phase space (m < n) and take the number of m as an m-dimensional vector of the sample space: 
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Then move one bit backward, take m numbers to form the second vector, and so on, the time series can form a total of n − m + 1 m-dimensional vectors. The corresponding correlation function is
In the formula, H is the Heaviside function and r is the given scale. In order to control the discreteness of the calculation, results generally take
In the formula, k is the proportionality coefficient. From the above all kinds of processing through the MATLAB program, you can get a set of scattered points in a given dimension. If these scattered points can form a straight line on lnW r k , lnr k , it shows that the acoustic emission sequence of the sample has good fractal characteristics in a given dimension and the slope of the regression line is the correlation dimension. The fractal dimension-time-stress curve of each sample is obtained by the above G-P algorithm.
Based on the above theory, a comprehensive analysis method can be proposed to accurately interpret the Kaiser point. First, the time range of the Kaiser point is estimated on the cumulative ringing count rate-time-stress curve by using the conventional tangent method. Then on the fractal dimension-time-stress curve, look for the minimum value of the fractal dimension in this time range, that is Kaiser point. In this way, the position of the Kaiser point can be determined by a quantitative evaluation criterion, which not only has a certain physical meaning but also reduces the error caused by manual interpretation to a certain extent and improves the accuracy of interpretation. The specific steps are as follows:
(1) Use the tangent method to draw the tangent at the cumulative ringing count rate-time-stress curve.
The time corresponding to the tangent intersection point is determined to be an approximate Kaiser point time.
(2) Read the time of the minimum value of the fractal dimension over the estimated approximate Kaiser point time range; this time is fixed as the time when the Kaiser point appears.
(3) Pick up the Kaiser point of time, and read the corresponding stress value on the stress-time curve that the stress at this time is the maximum stress level in the axial history of the specimen.
Analytic Calculation Method of In Situ Stress
The acoustic emission test can measure the axial stress in the core, and because of the directionality of the Kaiser effect, stress levels in many directions can be obtained by different coring directions. According to the elastic theory, the stress tensor at any point of the space can be determined by the stress in 6 directions. In fact, many studies have shown that the magnitude and direction of the principal stress can be obtained by the formula transformation based on knowing the normal stress of three different cross sections. As shown in Figure 4 , three known cross sections, the angle between the normal vectors n I and n II is θ 12 , and the angle between n I and n III is θ 13 .
If the angle between principal stressσ 1 and normal vectors n I is φ, then the solution of principal stressσ 1 and σ 2 is: It is known that the normal stressesσ I ,σ II ,σ III on the three sections to calculate the magnitude of principal stressσ 1 and σ 2 , and the directionφ of principal stressσ 1 . (The prescribed counterclockwise rotation is positive, and tensile stress is positive.) The relationship between the normal stress σ n and the principal stress at any cross section is as follows:
Thus, the equation can be obtained:
Formula (7) and (8) Figure 4 : Direction of normal cross section.
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Substituting formulas (10) and (11) into formula (9) can be obtained: 12 
12
Then formula (12) is substituted by (10) and (11); the formulas for calculating the principal stresses σ 1 and σ 2 are obtained. 23 
14
In the formula, θ 23 = θ 13 − θ 12 .
Formulas (12), (13), and (14) are the basic expressions for calculating the magnitude and direction of principal stresses. It is generally considered that σ 1 is the maximum principal stress, so the φ value must satisfy the inequality derived from formula (10) and formula (11) and σ 1 − σ 2 > 0 on the basis of satisfying (14) :
When the angles between the normal vectors n I and n II , and the angles between the normal vectors n II and n III are both 45°angle , it can be calculated according to the following simplified formula.
From the above three formulas, the magnitude and direction of the two principal stresses in the horizontal plane can be obtained by solving the normal stress in three different directions in the same horizontal plane. Finally, according to the distribution of the intermediate principal stress, the in situ stress distribution of the measuring points can be obtained.
Acoustic Emission Test of Rock

Geological Conditions of Mining Area.
The mine has more than 90 years of mining history. In recent years, the activity of ground pressure in the mining area has increased significantly, which has threatened the safety of mine production to a certain extent. A large number of mined-out areas, structural activities of the mining area, and structural characteristics of the rock mass have varying degrees of influence on the ground pressure activities in the mining area. The strata in the mining area are mainly the Quaternary modern slope deposits, residual deposits, and alluvial deposits, which are located at the end of the Gukeng anticline of the northwestern wing of the anticlinal incline to the South West. The direction of the strata in the area varies with the structural position. Fold axial mostly appears in the direction of the northeast-southwest and near the north-south direction. Tendency and inclination have greatly changed. There are a lot of faults, joints, and fissures in the rock group, which becomes the space of deformation compression. The middle section of the mining area is mainly distributed in the weathered layer and the tectonic development section. Because of the high weathering degree and structural development, the main structure of the rock mass is mainly cracked blocks or fragments, which are locally mixed with mud, and the bearing capacity of the structure is low.
Field Coring.
In this experiment, the core is drilled at the depth of about 500 m in the middle part of the mining area. The axial direction of the core is 90°vertical to the ground, and the horizontal direction is 225°, 270°, and 315°. The diameter of the core is about 50 mm. The schematic diagram of coring direction and the coring on the spot are shown in Figures 5 and 6. 5.3. Sample Processing. In order to ensure the integrity and homogeneity of the rock, 16 specimens with near wave velocity were selected from 47 processed metamorphic sandstone 5 Geofluids samples. The specimen is a cylindrical specimen that accords with the test procedure, and the ratio of height to diameter is about 2 : 1. Part of the sample is shown in Figure 7 . The specific information of the sample is shown in Table 1 .
Test Instrument and Parameter Setting.
The indoor acoustic emission test needs to use the RMT-150C rock mechanics test system (Figure 8(a) ) and SAEU2S full waveform multi-channel acoustic emission detector (Figure 8(b) ) to carry out the uniaxial loading test and acoustic emission signal acquisition. The two systems can collect and record the changes of basic variables and parameters in the test process and automatically generate the relationship diagram of each parameter.
The acoustic emission test is completed at the rate of 0.002 mm/s under the displacement loading. The acoustic emission test system uses a resonant U-type probe with a center frequency of 1000 kHz. The probe is placed in the central position of the specimen. In order to ensure the success rate of the acquisition, two probes were used to collect data simultaneously. The complete channel of data acquisition was selected as the sample for data analysis. Acoustic emission parameters are shown in Table 2 .
Determination of Kaiser Point.
In this experiment, the influence of other factors on the determination of the Kaiser point is not considered. Tests were carried out in accordance with the experimental standard of rock uniaxial compression. Using the above rock acoustic emission testing equipment, the processed 16 samples were tested to obtain the acoustic emission test signal. The db3 wavelet base is selected by using MATLAB software, and the acoustic emission ringing counting time sequence is denoised by the fixed threshold method. Based on the data after the noise reduction, the cumulative ringing count rate of acoustic emission is calculated and the cumulative ringing count rate-time-stress curve is plotted. The tangent intersection point is obtained by the conventional tangent method, and the point is approximated as the Kaiser point.
The G-P algorithm is used to calculate the ringing count relevant fractal dimension of the whole acoustic emission process. According to the process of the G-P algorithm, the relevant fractal dimension is affected by the reconstructed phase space dimension m. Taking sample 270-2 as an example, the change trend of phase space dimension and relevant fractal dimension is calculated, as shown in Figure 9 . The change gradient of the relevant fractal dimension is relatively stable after the phase space dimension is taken as 4. It is shown that the sample has a good fractal characteristic when the embedded dimension is 4, so m = 4. When calculating the relevant fractal dimension, the parameters obtained by the acoustic emission test are taken as a time varying sequence and the capacity of the sequence is 1024 that n = 1024.
The fractal dimension-time-stress relationship of each sample is calculated by the G-P algorithm. The cumulative ringing count rate-time-stress curve and the corresponding correlation dimension-time-stress curve of each specimen are shown in Figure 10 . The minimum point 6 Geofluids of the fractal dimension is read over the approximate Kaiser point time range, where point P is the lowest point, which is the Kaiser point. The corresponding stress value at this point is the original rock stress in the axial direction of the sample value. The stress value of each sample is shown in Table 3 .
Analysis of In Situ Stress in Mining Area
6.1. Magnitude of In Situ Stress in Mining Area. The existence of vertical stress is related to tectonic activity, overlying strata thickness, temperature, water pressure, and so on. The gravity of overlying strata is the main influencing factor. A wide range of worldwide statistical data shows that in the depth range of 25~2700 m, σ v is approximately equivalent to the average bulk density and γ is equal to 27 kN/m 3 calculated gravity γH. The height of overlying strata in the middle section of mining is about 500 m, so the estimated vertical stress σ G in the middle section is σ G = γH = 0 027 × 500 = 13 5 MPa 17
The vertical stress value of acoustic emission measurement is 11.73 MPa, which accords with the law of overlying strata.
The stress values of the three horizontal directions are σ Ι = 9 27 MPa, σ II = 17 25 MPa, and σ III = 18 13 MPa. Put them into the following formula: Therefore, the maximum horizontal principal stress is 19.38 MPa, the minimum horizontal principal stress is 8.02 MPa, and the vertical stress is 11.73 MPa. A large number of experimental results show that the maximum and minimum principal stresses in most parts of the world are distributed in the plane direction which is nearly horizontal. The ratio between the maximum horizontal principal stress σ h,max and the vertical stress σ v is generally in the range of 0.5 to 5.5. Based on the measured data in the world, the ratio between the two horizontal principal stress σ h, av and the vertical principal stress σ v is in the range of 0.8 10 Geofluids to 1.5 (see Table 4 ) [23] . According to the test results, the ratio of the mean value of the horizontal principal stress to the vertical stress is σ h,av /σ v = 1 17 and the ratio of the maximum horizontal principal stress to the vertical principal stress is σ h, max /σ v = 1 65. They are basically consistent with the statistical laws of measured in situ stresses. Fold is the bending deformation of the rock stratum under stress. It is the tectonic trace preserved by the crustal rock deformation and fracture caused by the tectonic stress. It is the most common geological structure in the crust. The direction of the in situ stress can be inferred by studying the direction of folds and strata in the mining area. According to the geological report of the mine, it is known that the fold structure in the mining area is mainly the end of the Gukeng anticline of the northwestern wing of the anticlinal incline to the South West. The direction of the strata in the area varies with the structural position. The axial direction is 40~60 degrees, and the axis direction of the fold is parallel to the direction of the minimum principal stress, so it is perpendicular to the direction of the maximum principal stress. It is speculated that the direction of the maximum principal stress in the mining area is approximately N (30°~40°) E; the direction of the minimum principal stress is N (50°~60°) W.
Comprehensive Analysis of In Situ Stress in Mining Area.
In general stress distribution in the mining area, the maximum principal stress is 19.38 MPa in the direction of N (30°~40°) E, the minimum principal stress is 8.02 MPa in the direction of N (50°~60°) W. The maximum principal stress and the minimum principal stress are both generally in the horizontal plane. The direction of the intermediate principal stress is vertically downward and the size is 11.73 MPa.
The maximum principal stress is 19.38 MPa. According to the relevant criteria, 0~10 MPa is a low stress zone, 10~18 MPa is a medium stress zone, and 18~30 MPa is a high stress area; more than 30 MPa is an ultrahigh stress area [24] . Therefore, the in situ stress in the mining area belongs to the high stress field.
The maximum horizontal principal stress in the mining area is about 1.44 times that of the self-weight stress, indicating that the stress field in the mining area is dominated by the horizontal tectonic stress rather than the self-weight stress.
The ratio between the maximum horizontal principal stress and the minimum horizontal principal stress is 2.42, which shows a large difference between the two. The difference between the maximum principal stress and the minimum principal stress will lead to a larger shear stress in the rock mass. When the shear stress in the rock mass is greater than the shearing strength of the rock mass, the fracture will occur. This provides favorable stress conditions for the formation of faults, joints, and fissures in the mining area.
Conclusion
Through the analysis and research of the various characteristic curves of rock acoustic emission, the relationship curves of cumulative ringing count rate-time-stress curve and fractal dimension-time-stress curve of acoustic emission are analyzed and processed. A simple and accurate interpretation method of in situ stress measurement by using the Kaiser effect of rock is proposed.
In this experiment, a fractal theory was used to interpret the acoustic emission test results, and the relevant fractal dimension of rock acoustic emission is calculated. According to the G-P algorithm, the fractal dimension-time-stress curves of the samples were obtained. Combined with the traditional mapping method, the Kaiser point of rock acoustic emission is more accurately interpreted, reducing the interference of human subjective factors.
According to the measured results and the comprehensive analysis of the geological structure in the mining area, the main distribution of the in situ stress field is obtained. The maximum principal stress is 19.38 MPa in the direction of N (30°~40°) E, and the minimum principal stress is 8.02 MPa in the direction of N (50°~60°) W. The direction of the intermediate principal stress is vertically downward with a value of 11.73 MPa. The magnitude and distribution of in situ stress in the mine derived from the method presented in this study are consistent with the distribution statistical law of the measured in situ stress field in the world.
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